Butter flavor can be attributed to a mixture of many volatile compounds. More than 230 volatile compounds have been identified as natural constituents of milk fat 1 . Among them, lactones are important compounds that impart flavor to butter and other dairy products. Therefore, these are used as flavor additives for the production of margarines to enhance their butter flavor. To date, many researchers have studied the lactone composition of milk fat. For instance, δ-decalactone as a coconut-like flavor of milk fat was identified by Keeny et al. 2 , and δ-decalactone and δ-dodecalactone were detected from the steam distillate of butter by Tharp et al. 3 . Boldingh et al. detected δ -o c t a l a c t o n e , δ -d e c a l a c t o n e , δ -d o d e c a l a c t o n e , δ-tetradecalactone, and smaller amounts of γ-lactones in milk fat as desirable contributors to the flavor of butter 4 .
than long chain lactones based on the differences in their individual volatilities, it is known that semi-volatile lactones, such as δ-tetradecalactone, contribute to the typical creamy flavor of butter 6 . These points indicate that it is important to analyze various lactones to estimate the flavor of butter and margarine. Interestingly, the characteristics of butter differ from those of margarine; for example, the amount of lactones increases when butter is heated in the presence of water 4, 7, 8 . The released lactone content after heat treatment is defined as the lactone potential. Many researchers have investigated the origin of lactone in milk, and suggested that the precursors of γand δ-lactones are 4-and 5-hydroxy fatty acids, respectively. Furthermore, hydroxy fatty acids are likely esterified in triacylglycerol TAG 4, 8 11 . Recently, we developed an analytical method for the quantification of hydroxy TAG isomers comprising two palmitic acids and one 4-or 5-hydroxy fatty acid in milk fat using LC-ESI-MS/MS, and confirmed that all isomers were easily converted into their respective lactones following heat treatment at 160 for 2 h in the presence of water 12 . It is considered to include hydrolysis of the hydroxy fatty acid from TAG during lactonization of hydroxy TAG by heat treatment; the esterified hydroxy fatty acids are hydrolyzed from TAG to free fatty acids by heating, and then the free hydroxy fatty acids are immediately lactonized. However, Alewijn et al. observed the formation of lactones during the ripening of Gouda cheese 13 . They also proposed that the direct lactonization of hydroxy fatty acids esterified in TAG without hydrolysis, and suggested that water plays a catalytic role in the proposed reaction 14 .
The lactone composition of milk fat is affected by environmental factors such as the season, feeding regime, and stage of lactation 15 18 . For instance, milk from cows fed hay exhibited higher lactone content than that of milk from cows on pasture, and more significant effects of forage types were observed in the content of γ-lactones than in δ-lactones in milk 18 . The lactone content of milk fat is also influenced by manufacturing conditions such as the fermentation process of butter. For example, sweet butter was characterized by the presence of δ-hexalactone, δ-octalactone, and γ-dodecalactone. In particular, δ-hexalactone and γ-dodecalactone had creamy and peachlike odors, respectively 19 . In contrast, fermented butter had higher amounts of δ-decalactone, diacetyl, butanoic, and hexanoic acids than sweet butter. This might be attributed to the presence of lactic acid bacteria, which are added to the cream during fermented butter production 20 . These are important issues for food manufacturing. Therefore, more information regarding lactone composition in dairy products and margarine is required to improve the quality of food products. The present study aimed to investigate free lactone composition of butter, fermented butter, and margarine in Japan. Lactones were analyzed by our developed method using gas chromatography-mass spectrometry GC-MS after solvent extraction 21 . In addition, the lactone potentials of butter, fermented butter, and margarine were estimated by analyzing the samples after heat treatment.
Experimental 2.1 Chemicals and Materials
Sweet butter, fermented butter, and margarine were purchased from local supermarkets in Tokyo to be used as samples. The manufacture dates of butter and fermented butter samples were within one month prior to the date of purchase. Margarines to which butter was not added were selected in this study. Lactone samples used in this study δ -h e x a l a c t o n e , δ -o c t a l a c t o n e , δ -d e c a l a c t o n e , δ-undecalactone, δ-dodecalactone, δ-tetradecalactone, γ -h e x a l a c t o n e , γ -h e p t a l a c t o n e , γ -o c t a l a c t o n e , γ-nonalactone, γ-decalactone, γ-undecalactone, and γ-dodecalactone were purchased from the Tokyo Chemical Industry Co., Ltd. Tokyo, Japan Fig. 1 . δ-Hexadecalactone was synthesized as described in our previous study 21 .
Preparation of butter, fermented butter, and margarine
Fat and oil were extracted from the purchased butter, fermented butter, and margarine through the Folch procedure 22 . These were diluted nine-fold by volume with saturated saline solution. The diluted solution was added to double its volume of a mixture of chloroform and methanol 2/1, v/v in a test tube equipped with a screw cap, and the mixture was mixed vigorously with a vortex mixer and centrifuged at 1,500 g for 10 min. The bottom layer was removed and dried using a nitrogen stream at room temperature, and the fat and oil were finally obtained.
To compare the lactone potentials of butter, fermented butter, and margarine, the fat and oil were heated at 160 for 2 h in the presence of 1 w/w water, and then dried over anhydrous sodium sulfate; these samples were used as the heat-treated samples.
Analysis of lactone by GC-MS
Lactone content of the heat-treated samples was determined based on a procedure developed by Obi et al. 21 . A 0.5 g sample was transferred to a screw-capped tube and mixed with 1 mL of methanol and 0.5 mL of a 30 μg/mL solution of δ-undecalactone in methanol as an internal standard. After centrifugation at 4,000 g and 4 for 4 min, the top layer was removed and added to another tube. To eliminate TAG, the samples were frozen 30 for 10 min to recrystallize TAG and further centrifuged at 6,000 g and 4 for 30 s. The methanol layer was then removed and placed in a vial.
The analysis was performed using a GC-MS system GC: TRACE 1310, MS: ISQ7000, Thermo Fisher Scientific, Waltham, USA equipped with a capillary column IntertCap Pure-WAX, 30 m 0.25 mm i.d., 0.25 μm thickness, GL Sciences Ltd., Tokyo, Japan . The column temperature was programed to remain at 60 for 6 min, then raised to 250 at 5 /min and held for 20 min. The injector temperature was set at 250 . The flow rate of the carrier gas helium was 1.0 mL/min. The split ratio was 50:1 v/v , and the injection volume was 1.0 μL. The MS was operated in electron impact ionization mode at 70 eV. The analysis was performed in the selected ion monitoring SIM mode. The target compounds were detected at m/z 85 γ-lactones , m/ z 42 δ-hexalactone , and m/z 99 δ-octalactone, δ-decalactone, δ-undecalactone, δ-dodecalactone, and δ-tetradecalactone . The lactone content μg/g oil was calculated using the calibration curves and peak areas in the chromatogram. All analyses were performed thrice and each result represents the mean value. Table 1 shows the lactone content of butter, fermented butter, and margarine samples. The total lactone content of butter, fermented butter, and margarine were in the range of 57.9-67.9 μg/g oil, 61.9-83.9 μg/g oil, and 25.1-111.2 μg/g oil, respectively. Compared to butter, total lactone content of fermented butter tended to be higher. In butter and fermented butter, the main lactones were δ-decalactone, δ-dodecalactone, δ-tetradecalactone, δ-hexadecalactone, and γ-dodecalactone. The amount of lactone obtained was consistent with that reported in previous studies 23, 24 . The content of δ -decalactone, δ-dodecalactone, δ-tetradecalactone, and δ-hexadecalactone in fermented butter tended to be higher than that in butter.
Results and Discussion
These results suggested that the fermentation process can increase the free δ-lactone content of milk fat by enhancing the formation of lactone from lactone precursors or production of lactone precursors. In contrast, the main lact o n e s i n m a r g a r i n e s w e r e δ -d e c a l a c t o n e a n d δ-dodecalactone. The lactone content of margarines differed widely according to their type. Since margarines used in this study were butter-free products, these lactones could be derived from flavor additives. δ-Decalactone and δ-dodecalactone, which exhibit creamy and buttery flavors, respectively, could be used in margarine production to imitate butter flavor. Table 2 shows lactone contents in heat-treated butter, fermented butter, and margarine samples. Previous studies showed that the heating process of butter converted 4-and 5-hydroxy fatty acid esters bound with TAG into γ-lactones and δ-lactones, respectively. Moreover, the maximum amounts of the major lactones were attained after heating at 160 for approximately an hour. The lactone content of butter after heat processing was higher than the original lactone content 13, 14 . In this study, we quantified lactone content in samples heated at 160 for 2 h Table 2 . The total lactone content in butter, fermented butter, and margarine were in the range of 129.7-139.3 μg/g oil, 141.0-167.1 μg/g oil, and 27.1-114.6 μg/g oil, respectively. The total lactone content of butters and fermented butters in- Each result represents mean value (n = 3). n.d.: not detected (less than 0.5 μg/g oil). Each result represents mean value (n = 3). n.d.: not detected (less than 0.5 μg/g oil).
creased by approximately two-fold following heat treatment. In non-heat-treated butters Table 1 , γ-lactones, except for γ-dodecalactone, were scarcely detected less than 0.5 μg/g oil . However, the lactone distribution of heat-treated butter showed that the γ-lactone content was evidently increased by heat treatment Table 2 . Increasing rates of lactones by heat treatment of butter and fermented butter are shown in Table 3 . Comparison of the increasing rates of δ-lactones indicated that the rates of δ-hexadecalactone were higher than those of other δ-lactones. These results suggested that considerable amounts of 4-and 5-hydroxy fatty acids, as precursors of δ-hexadecalactone and γ-lactones, exist in butter and fermented butter, and that the stabilities of these hydroxy fatty acids are higher than those of other hydroxy fatty acids. We previously compared the heat stabilities of hydroxy TAG isomers as precursors of δ-decalactone, δ-dodecalactone, and δ-tetradecalactone, and reported that the heat stabilities were lower for lactones with shorter carbon chains 12 . Therefore, the heat stabilities of δ-lactone precursors having less than 16 carbon chains could be lower than that of δ-hexadecalactone, and then some shorter chain lactone precursors could be transformed into corresponding lactones at room temperature. Interestingly, the increasing rate of δ-hexalactone was higher than that of δ-lactone with 8-12 carbon chains. Boldingh et al. compared the heat stabilities of TAG and monoacylglycerol MAG comprising 5-hydroxy fatty acid, and observed that hydroxy TAG was more heat stable than hydroxy MAG. It is suggested that the chemical structure of lactone precursors could influence the amount of lactone released by heat treatment 4 . Therefore, further studies are needed to investigate the chemical structure of lactone precursors and their heat stabilities. In contrast, heat treatment did not affect lactone content in margarine. In general, butter flavor additives, widely used for food production, are derived from natural butter, synthetic lactones, or both. There is a high possibility that flavor additives derived from natural butter will contain lactone precursors. If margarine, which uses natural flavor additives, was heated, the amounts of lactone would be increased. Therefore, it is suggested that margarines analyzed in this study were manufactured using synthetic flavor.
Comparison of the lactone potentials between butter and fermented butter Table 2 showed that the total lactone content of fermented butter tended to be higher than that of butter. This suggested that fermentation of milk could increase lactone precursors. A previous study reported that lactic acid bacteria can increase the amounts of δ-decalactone 20 . In the present study, the amount of δ-decalactone, δ-dodecalactone, δ-tetradecalactone, and δ-hexadecalactone in fermented butters tended to be higher than that in butters. These results suggested that the fermentation process of milk can increase δ-lactones. However, the lactone composition of butter and fermented butter differed widely according to milk origin and the fermentation process. Therefore, it is difficult to elucidate the detailed mechanism of lactone increase from the results of the current study. In the future, we intend to clarify the effect of the fermentation process on lactone potential in butter by processing milk from the same source. It is speculated that if the GC-MS method employed in this study is made widely available for the quantification of lactones in butter and margarine, it would play an important role in 117  134  95  158  110  83 Each result represents mean value (n = 3).
estimating the quality of food products.
Conclusion
Butter is a valuable fat in food manufacturing because of its attractive flavor. Heating process is always included during food manufacturing. Therefore, butter is a superior fat among the edible fats and oils because the lactone content of butter is increased by heat treatment. In the present study, we quantified lactones in butter, fermented butter, and margarine, and observed that the lactone content of butter and fermented butter was increased upon heat treatment. We also observed that the fermentation process can increase lactones or hydroxy fatty acids as lactone precursors in butter. In contrast, the lactone composition of margarines was not increased by heat treatment. The lactone distribution of margarines differed from butter and fermented butter. These characteristics revealed there are some good qualities of butter that margarine should imitate and/or improve to exceed the quality of butter. Consequently, lactone analysis using heat treatment can estimate the flavor potential of butter, fermented butter, and margarine.
